In this paper, a wideband photonic phased array antenna is demonstrated. The array configuration consists of a 4x1 Vivaldi single-polarization antenna array and an independent photonic phasing system for each element. The phasing network of this array is implemented using two novel photonic phase shifters based on the vector summation approach. A vector sum phase shifter (VSPS), which can be continuously tuned from 0-100' frequencylinear from DC to ISGHz, is presented along with a novel second harmonic VSPS (SH-VSPS), which can provide continuously tunable phase shifts in the range 0-430' which is linear over a bandwidth from 8-16GHz. This paper presents the operation and characterization of each component of the array including the radiation elements and the various photonic phase shifters and finally, a demonstration of the combined system. A discussion on the practicality of this system for airbome applications is presented along with suggestions for simplification and improvement.
INTRODUCTION
Many investigations over the past years have attempted to realize photonic phase shifters capable of broadband antenna heamforming [I] . Photonics is an attractive technology due to its broad bandwidth, immunity to EM1 and lightweight, flexible system implementation [2] . A drawback of photonic systems can be the high componentlinstallation costs. We have previously presented photonic phase shifter devices [3, 4] and analysed theoretically how these devices may be configured to achieve phased array heam-forming [SI.
The cment investigation aimed to design, realize and test a wideband optically controlled Vivaldi phased array demonstrator operating over the 6-18 GHz microwave band, scanning up to i 45'. The key objectives were to develop a photonic-based true-time delay (TTD) network capable of operating over the desired frequency band and able to produce the appropriate phasing for the scanning range.
The major component of system is the wideband photonic phase shifter network. A previous investigation [4] demonstrated a continuously variable photonic phase shifter operating from 0-1.2 GHz fabricated monolithically using GaAs/AlGaAs rib waveguides. This device was based on a variable directional coupler and integrated photonic delay line feedback loop. It was thus called the Variable Feedback Photonic Phase Shifter (VFPPS). Recent investigations have attempted to extend the operation of this device to the 6-1 8 GHz by reducing its scale. It was found, however, that the variable directional coupler required would be extremely short and hence would be highly sensitive to fabrication tolerances. In order to realize a photonic phase shifter with similar performance, but which could be practically fabricated a new technique was developed. This technique is based on vector summation of time-delayed signals and is hence named the Vector Sum Phase Shifter (VSPS) [6] . This paper presents an overview of two implementations of the VSPS along with a demonstration of a broadband phased array realized using these photonic phase shifters and is arranged as follows. Section 2 presents an overview of the phased array antenna system indicating each of the subcomponents. The radiating element is presented in Section 3 along with radiation pattems of the phased array using mechanical phase shifters. The first photonic phase shifter implementation (the VSPS) is introduced in Section 4. The systems phase and amplitude responses of the system are presented demonstrating continuously variable phase shifting of from 0-100' scaling almost linearly from 0-1 5 GHz. The second photonic phase shifter implementation, the second harmonic VSPS (SH-VSPS) is introduced in Section 5. A demonstration of how the second harmonic of the VSPS response can be used with a frequency invariant phase shifter TIPS) to provide continuous phase shiiiing in the range 0-430" from 8-16GHz is presented, Section 6 presents the assembly operating as a heam-forming network. Only three elements are used in this demonstration due to equipment failure. A discussion on the practicality and proposed improvements that could be made to the system are presented in Section 7.
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PHASED ARRAY ANTENNA SYSTEM
A schematic diagram of the phased array antenna system is presented in Figure 1 . The array consists of a radiation module fed by four independent phase shifting elements. Three distinct phase shifters have been implemented including a simple photonic link, vector sum phase shifter (VSPS) and second harmonic VSPS (SH-VSPS). The four phase shifting elements are combined and amplified optically and detected with a single photodetector. It is worth noting that only the modulators in each system must he located at the antenna with all other components being remoted using optic fiber. On each individual substrate, there are six elements: four radiating elements and two dummy elements. The four elements on each substrate are combined in phase, such that each substrate is a single radiating element. The four central substrates can then be used for beam forming with the two outer substrates acting as dummy elements. The array is shown in Figure 2 . Initially, the antenna array was measured using the mechanical phase shifters in place of the photonic phase shifting network. Radiation patterns for the antenna array are presented in Figure 3 . The beam pattems of Figure 3 will he useful for comparison with the photonic phasing system to be presented.
VECTOR SUM PHASE SHIFTER (VSPS)

Phase Shifter Operation
The architecture of the vector sum phase shifter (VSPS) is presented in Figure 4 . The RF signal to be phase shifted is modulated onto an optical camer using an external Mach-Zehnder Modulator (MZM). The modulated camer is then split in the ratio x : l -x by a variable optical directional coupler. Since the RF signal is an intensity modulation on the optical carrier, the amplitude of this signal is split by the same ratio. The split signals are then transmitted through optical delay lines of different lengths and summed using an optical combiner. Continuous phase control is achieved by adjusting the splitting ratio of the variable directional coupler. Details of the VSPS can he found in [ 6 ] . The VSPS has been realized using a custom LiNhO, variable directional coupler and polarization maintaining optical fiber delay lines. Coherent interference is avoided by ensuring that the polarization of each arm is orthogonal. This is achieved through the use of polarization controllers. Optical combination is achieved using a polarization combiner. Great care was required to trim the fiber lengths to ensue operation at the correct frequency. The phase and amplitude response of the realized device are presented in Figure 5 a) and b) respectively. There is significant ripple evident in both the phase and amplitude responses. This has been attributed to beating between polarizations in the system. Techniques to eliminate this ripple are currently under investigation.
Variable
The resonant behavior evident towards 18 GHz in the magnitude response of Figure 5b ) is characteristic of this type of device and so the upper frequencies must he avoided. For frequencies up to around 15 GHz, however, fairly linear phase and reasonable amplitude variations (3dB) are evident. This allows continuous phase shifting between 0-100' to be achieved scaling linearly from 0-15 GHz. This phase shift range is sufficient for the second element if beam steering of 30' is required. The amplitude response of this phase shifter will pose problems at higher frequencies. A proposed technique to flatten the amplitude response can be found in [7] . This technique has recently been demonstrated photonically and will be reported shortly. 
5.0
SECOND HARMONIC VECTOR SUM PHASE SHIFTER (SH-VSPS)
Phase Shifter Architecture
In order to achieve beam steering of 30" with a four-element array, the third and fourth elements of the array require in excess of 100' phase shift at 15GHz. A modification of the VSPS presented in Section 4 was thus conceived.
This novel concept allows utilization of the VSPS cyclic frequency response to trade reduced bandwidth for increased phase shifting. This approach can be called a second-harmonic VSPS (SH-VSPS) and is presented in Figure 6 . The system incorporates a VSPS, hut with a larger length difference than presented in Section 4, creating a resonance below the desired frequency of operation. The cyclic behavior of the phase response of such a VSPS (consisting of only the VSPS component of Figure 6 ) can be seen in the measured responses of Figures 7 a) 
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and b).
It is evident that a broad range of linear phase shifls with relatively flat amplitude response is available centered at 12GHz in the second harmonic of the response. To utilize this higher order response, a frequency independent phase shifter (FIPS) must he employed to raise the frequency linear phase response such that it appears to monotonically approach zero. In this investigation, a FIPS consisting oftwo modulators fed using a 90' RF hybrid [8] is utilized. 
Single Element Performance
The phase and magnitude response of the combined VSPS and FIPS (the complete system depicted in Figure 6 ) is presented in Figure 8 a) and b) respectively. It is evident that phase shifting from 0-430' can be achieved over a broad range from 8-l6GHz. Phase control was achieved by adjusting the bias of the two modulators until the required phase shift and amplitude at the zero crossing point as 12GHz is achieved. The bias voltage of the VSPS was then adjusted until the required phase slope over the second harmonic region was achieved. This was conducted manually in this investigation, but was straightforward and could readily be automated.
The amplitude response of Figure 8h ) exhibits similar resonant degradation to the VSPS of Figure 5h) . A detailed account of the configuration and measurement of the SH-VSPS could not be included due to space restrictions. A separate publication focusing on this phase shifter has been prepared and will he submitted shortly. 
ARRAY BEAMFORMING RESULTS
The phased array system was constructed as depicted in Figure I , utilizing the antenna array of Section 2, and the photonic phase shifters of Sections 3 and 4. Unfortunately, during construction the variable directional coupler of the fourth phasing element (a SH-VSPS) was damaged and thus could not be demonstrated. It was decided that a demonstration of the array with 3 elements only would be presented in this manuscript with an updated four-element demonstration to be prepared for the conference. There were also insufficient low noise amplifiers (LNAs) to insert one after each antenna element. This resulted in low photonic link gain for each element.
The array was assembled such that each of the three photonic phase shifters provided the same delay at zero beam angle. Mechanical trombone line phase shifters were utilized before the optical modulators to trim the line length.
Even with this adjustment, the optical fibres needed to be cut to within 5mm to provide equal phase shifting. Beam pattem measurements were taken at frequencies of IO, 12 and 14 GHz. The phase shifters were then adjusted to provide beam steering of 15' and 30° and the measurements repeated. Phase shifting for the VSPS was achieved by simply adjusting the VDC bias until the required phase shift was obtained at IO, 12 and 14 GHz. The beam pattern results are presented in Figure 9 .
Unfortunately, during the measurement it was found that though the first and second elements remained stable, the third phase shifter (the SH-VSPS) link gain vaned significantly over time. It was thus necessary to recalibrate the system after each measurement and hence it was difficult to obtain an accurate relative beam strength measurement. This has been attributed to poor control of the polarization throughout the SH-VSPS system. Strategies to remedy this have been conceived and progress will be reported at the conference. Due to this issue, the patterns of Figure 9 have thus been normalized to enable comparison of the beam forming. Though beam steering is evident in Figure 9 , the beam quality is evidently poor. The beam quality is good at 0 beam-steering, but at 15' and 30°, the side-lobe levels are vety high, becoming increasingly bad at higher frequencies. This can be attributed to several factors. Firstly, as mentioned previously, it was difficult to control the link gain of the third element. Further, and perhaps more importantly, from Figures 5 and 7 , it is expected that there will be a certain amount of frequency dependant degradation with varying phase shift. A technique to overcome this behavior has been proposed [7] . Finally, there is significant ripple in both the amplitude and phase of the responses of Figures 5 and 7 . The amplitude imbalance caused by this ripple will also impact the array performance.
CONCLUSION
A wideband photonic phased array antenna bas been demonstrated. A Vivaldi phased array antenna has been designed and implemented and beam forming has been demonstrated using mechanical phase shifiers. Two photonic phase shifters have been proposed, demonstrated and used to form the phasing system of the photonic phased array. Beam steering had been demonstrated but is characterized by poor side-lobes due to amplitude imbalance.
The realization of the SH-VSPS and VSPS beam-former has identified practical limitations. The most significant issue is the requirement for polarization control throughout the system. Frequent adjustment of polarization was required to maintain good system performance. Re-implementation of the system with all polarization maintaining components would greatly simplify the demonstration and render further optimization of the system more practical.
Several improvements to the implementation and control of the system have been conceived and are currently under investigation. The requirement for fiber adapters, splices and hybrid components throughout the phased array system has lead to increased insertion loss and complexity. The VDC and MZM devices are each characterized by around 6dB of optical insertion loss. Condensing the system as much as possible would also reduce these losses and the system complexity. Pursuing this idea, it may be possible to design and fabricate a device that incorporates dual MZMs and VDC components on a single LiNbO, chip. This would provide the FIPS and much of the VSPS functionality on a single chip alleviating polarization control and insertion loss issues. Further, it may be possible to utilize wavelength division multiplexing (WDM) such that only a single device is required for all four elements.
Combination of optical carriers through a WDM combiner would also incur less loss than standard 3dB couplers.
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